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I Executive Summary

This research was originally funded based on a proposal by Professor Michael Sacks (School
of Materials Science and Engineering, Georgia Tech) which focused on the fabrication of
highly sinterable and intimately-mixed zirconium diboride-based composite powders. The
student working on this project was Ms. Yanli Xie (Ph.D. candidate, graduation Spring
2008). Upon Dr. Sack’s departure in 2005, the contract was taken over by Professor Robert
Speyer who advised Ms. Xie on the original work, and also employed Mr. Fei Peng (Ph.D.
candidate, graduation Summer 2008). Mr. Peng’s work focused on oxidation resistance of
these multiphase systems based on sintered commercially-available powders. Each project is

summarized below:

Synthesis: Zirconium diboride and a zirconium diboride/tantalum diboride mixture were
synthesized by solution-based processing. Zirconium n-propoxide was refluxed with
2,4-pentanedione to form zirconium diketonate. This compound hydrolyzed in a con-
trollable fashion to form a zirconia precursor. Boria and carbon precursors were formed
via solution additions of phenol-formaldehyde and boric acid, respectively. Tantalum
oxide precursors were formed similarly as zirconia precursors, in which tantalum ethox-
ide was used. Solutions were concentrated, dried, pyrolyzed (800-1100°C, 2 h, flowing
Ar), and exposed to carbothermal reduction heat-treatments (1150-1800°C, 2h, flowing
Ar). Spherical particles of 200-600 nm for pure ZrBs and ZrBo-TaB,; mixtures were
formed (Publication: Y. Xie, T. H. Sanders, Jr., and R. F. Speyer, “Solution-based
Synthesis and Processing of Sub-micron ZrBs and ZrB,-TaBs,” in press, J. Am. Ceram.

Soc., April 2008).

Single-phase ZrBy powders were prepared with initial compositions of C/Zr = 4.8 and
B/Zr = 3.0. ZrBy-based composite powders with ZrC, ZrO,, TaBy, TaC, SiC, TaSiy
and B,C were prepared with particle sizes of 10-500 nm. The relative densities of
ZrBy/B4C, ZrBy/TaB,y, ZrBy/TaBy/B,C, and ZrBy/TaSi; were in the range of 91%-
97% after pressureless sintering at 2020°C for 1 h or 30 min (Thesis: Y. Xie, Georgia
Tech, Spring 2008).

Oxidation Resistance: Specimens of ZrB,y containing various concentrations of B4C, SiC,

TaB,, and TaSiy were pressureless-sintered and post-HIPed to their theoretical densi-



ties. Oxidation resistances were studied by scanning thermogravimetry over the range
1150-1550°C. SiC additions improved oxidation resistance over a broadening range of
temperatures with increasing SiC content. Tantalum additions to ZrB,-B,C-SiC in
the form of TaBy and/or TaSiy increased oxidation resistance over the entire evaluated
spectrum of temperatures. TaSi, proved to be a more effective additive than TaB,.
Silicon-containing compositions formed a glassy surface layer, covering an interior oxide
layer. This interior layer was less porous in tantalum-containing compositions. (Pub-
lication: F. Peng and R. F. Speyer, “Oxidation Resistance of Fully Dense ZrB,; with
SiC, TaBs, and TaSi, Additives,” in press, J. Am. Ceram. Soc., April 2008).

IT Background

Transition metal borides, specifically ZrB; and HfB, are of interest for aerospace applications
because of their ultra-high melting temperature (>3000°C), high hardness and strength, and
high thermal and electrical conductivities [1]-[3]. They are candidates for high-speed aircraft
leading edges, as well as for structural parts in high temperature environments. Engineering
of these ceramics for these applications has focused on formation of highly-sinterable powders
and sintering aid additions to facilitate pressureless sintering of near-net-shape parts, and
incorporation of additives which increase oxidation resistance through the formation of a

passive amorphous oxide surface coating.

II.1 Synthesis

Metal borides can be synthesized by reaction between a metal oxide and boron oxide via
a carbothermal reduction [4, 5]: MOg) + B2Os() + 5C(s) — MBy(s) + 5COyq). Excess bo-
ria is generally required for the above reaction because of B;O3 volatilization at elevated
temperatures (boiling point of ByOs, i.e. 1 atm vapor pressure, is 1860°C [6]). Homo-
geneous products with fine particle size have been reported [6]-[8] using this fabrication
route. Metal carbides have been observed as intermediate reaction products during metal
diboride synthesis because of preferential carbothermal reduction of the metal oxide by car-
bon. However, the metal diboride is formed eventually if sufficient boron is available, i.e.,

MC(S) + BgOg(S) + 20(5) — MBQ(S) + 3CO(g).



Chemical solution processing routes refer to methods in which one or all of the com-
ponents (i.e., metal-bearing, boron-bearing and carbon-bearing) are solubilized in a liquid
processing medium. Soluble sources that are used to provide boron including boric acid
and boron alkoxides. Numerous soluble carbon-bearing materials have been used to produce
metal carbides, including phenolic resins, furfuryl alcohol, sugar, corn starch, petroleum
pitch, polyacrylonitrile (PAN) polymers, cellulose acetate polymers, and diols. Common sol-
uble metal /metal oxide-bearing materials are metal alkoxides, metal diketonates, and metal
carboxylates. Metal-organic compounds are usually subjected to hydrolysis and condensa-
tion reactions to produce polymeric or colloidal metal-oxide precursors [9]-[25]. Depending
on the reaction conditions, the metal-organic compound may also be a source for some of
the carbon for the carbothermal reduction reaction.

The most important advantage of solution-processing methods is that more intimate mix-
ing of components (atomic-scale or at least molecular-scale mixing) can be achieved. How-
ever, it should be noted that preparation of solutions with atomic- or molecular-scale mixing
does not necessarily ensure that the same scale of mixing will be maintained during sub-
sequent processing steps. It is necessary to remove the liquid medium in a manner that
avoids segregation of components. For example, molecular-scale mixing in the solutions may
be maintained by first gelling the solutions prior to solvent removal. The hydrolysis time,
temperature, and atmosphere can be altered to control the grain size and phase distribu-
tion in the resulting product, which in turn will factor into the properties of the resulting

materials [26]-[28].

I1.2 Densification

Historically, ZrBs and HfB5 have been hot-pressed in order to achieve high relative densities—
required for improved strength and thermal conductivity, and so that porosity does not mit-
igate oxidation resistance. Gash et al. hot pressed HfB5-20 vol% SiC at 2200°C for 1 h to
theoretical density [29]. More recently, pressureless sintering methods have been developed
to achieve high relative densities. Sciti et al. found that a ZrB,-MoSiy powder mixture
sintered well, likely via a liquid-phase sintering mechanism, and the silicon constituent facil-
itated improved oxidation resistance similar to the silicon from SiC additions [30] (discussed

shortly). Fahrenholtz et al. have shown that high relative density can be achieved from



pressureless sintering of zirconium diboride if boron oxide particle coatings are removed by
vacuum heat-treatment prior to the onset of sintering, and via the use of boron carbide
additives which react with ZrO, impurities (to form ZrB,, CO(, and volatile BoO3(y) which
would otherwise hinder sintering [31, 32]. In other work, they found that WC additions (in-
troduced via milling), and a more patient sintering period (540 min at 2150°C) also resulted

in high relative density (~98%) [33].

I1.3 Oxidation Resistance

ZrBs exposed to air at elevated temperatures reacts with oxygen to form ZrO, and ByOs.
The B50Oj3 scale is non-protective since boria has a high vapor pressure above ~1200°C
(boiling point, i.e. 1 atm vapor pressure, is 1860°C). For ZrBy + 20 vol% SiC, oxidation heat
treatments at 1200°C and below showed weight gain no less extensive than those of specimens
composed of ZrBy alone. However, above 1200°C, a borosilicate coating forms which has
proven to be more impermeable to atmospheric oxygen penetration [34, 35]. Given the high
volatility of boron oxide, the silica content of the borosilicate glass surface coating would be
expected to increase with increasing temperature. However, the BoO3 vapor pressure may
be suppressed by BsOj3 entering into solution with SiOs. Compositional analysis has shown
that the boron content of the oxide layer after heating to 1500°C for 30 min was less than 1
wt% [36].

Opila et al. showed that a ZrB,-20 vol% SiC composition exposed to 10 min oxidation cy-
cles (repeated 10x) at 1327 and 1627°C developed protective oxide scales: 30 pum at 1327°C
and 150 pm at 1627°C [37]. Thermal cycling at 1927°C resulted in an oxide layer thick-
ness of over 1 mm. The 1627°C surface oxide coating was identified (via energy dispersive
spectroscopy) to be silica. Underneath this coating was a region of ZrO, dispersed in silica,
which in turn was above a region of ZrB, depleted of SiC. This last region was argued to have
resulted from active oxidation of SiC to form SiO(, [38, 37]. Opeka et al. have suggested
that formation of SiO(y) could build up to pressures exceeding ambient, facilitating rupture
of the protective glass layer, resulting in a cyclic protective/non-protective scale-forming
sequence [39]. At 1927°C, active oxidation of SiC to form SiO(g) implies that no protective
silicate liquid surface layer forms.

Talmy et al. investigated additions of Cr-, Ti-, Nb-, V-, and Ta-borides to ZrBs - 25 vol%



SiC, and found that all additions (all of which formed solid solutions with ZrB, after sin-
tering) improved cyclic oxidation resistance over the base composition, with TaBs additions
being the most effective [40]. It was found that improved oxidation resistance correlated with
increasing cation field strength (defined as Z/r?, where Z is the valence of the cation and r
is the ionic radius) of the added diborides. In a borosilicate or silicate glass with transition
metal cations, the tendency toward liquid immiscibility is known to increase with increasing
cation field strength of the transition metal. This phase separation has been argued to result
in increased viscosity [41], which has been correlated to reduced oxygen diffusion rates [39].

Opila et al. found that a ZrBs-20 vol% SiC-20 vol% TaSi; composition showed a lower
oxidation rate after cyclic oxidation at 1627°C than a ZrBs-20 vol% SiC composition, or a
HfB5-20 vol% SiC-20 vol% SiC composition [42]. Improved oxidation resistance was related
to evidence of phase separation in the amorphous surface layer. Talmy et al. demonstrated
the presence of phase separation in a ZrB,-2 vol% Ta;Siz system based on a periodic pattern
of glassy and crystalline areas on the oxidized surface [43]. In Opila et al.’s work, the
composition containing TaSis showed rapid consumption as compared to ZrBs-20 vol% SiC
compositions exposed to similar oxidation heat treatments at 1927°C. This was attributed to
melting of TayO5 (1785°C) and/or compounds of TayO5 and ZrOs. A purported advantage
of tantalum compound additions is that the tantalum impurity can stabilize zirconium oxide,
circumventing the tetragonal/monoclinic phase transformation (whose volume contraction
upon cooling can create fissures in the oxide scale), and potentially reduce oxygen transport
through what is normally a fast anion conductor [44]. Zhang et al. added 10 vol% LaBg
to a ZrB,-SiC-based UHTC and found substantial enhancement of oxidation resistance at
2400°C [45] (via an oxyacetylene torch; likely a low oxygen partial pressure environment).
This was attributed to stabilization of the cubic ZrOs oxidation product, and the formation

of low ionic mobility LasZr,O7 which has a melting temperature above 2300°C.

IIT TImportant Research Results

II1.1 Synthesis of Sub-micron ZrB; and ZrB,-TaB; Powder Mixtures

I11.1.1 Synthesis Methodology

A flow chart for the solution-based synthesis of ZrBs is shown in Figure 1. The starting
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Figure 1: Flow chart for synthesis of ZrBy from solution-based precursors.

Zr-containing material was a 70 wt% zirconium n-propoxide (Zr(OC3Hy)y, Alfa Aesar, Ward
Hill, MA) in solution with n-propanol. The zirconium n-propoxide (“Zr(OPr),”) was mixed
with 2,4-pentanedione (“acacH”) using molar ratios of 3 (acacH to Zr(OPr),) and 2-propanol
was used as a mutual diluent. This solution was refluxed (i.e. solution was heated and
the vapor formed was condensed and returned to the solution to be heated again) at 170-
195°C for 2 h for the purpose of reacting zirconium n-propoxide and 2,4-pentanedione to

form zirconium diketonate, as illustrated in Figure 2. The purpose of this was to facilitate

Substitution:
CH CH,
|’ _CH, I CH,
I \ T'=100-300°C | /7=
H,C—0—Zr—O0—CH, + /CHZ e H7C3_O_Z|r‘\ \__ifH + CHOH
S 0=Q o 0=C
AN \
| CH, I CH,
CH, 3t
Zr(OPr), x(acacH) Zr(OPr),_(acac), xPrOH
zirconium n-propoxide 2,4-pentanedione zirconium diketonate

Hydrolysis: =Zr—OPr + H,O —> =Zr—OH + PrOH
=Zr—acac + H,O —> =Zr-OH + acacH
Condensation: =Zr—OPr + HO—Zr= —> Zr—O0—Zr + PrOH

=Z7r—OH + HO—Zr= —> Zr—0-Zr + H,0
Figure 2: Reactions for precursor synthesis.

a controlled hydrolysis reaction; zirconium n-propoxide otherwise hydrolyzes very rapidly.



Refluxing maintains constant concentrations of constituents as reactions occur among them
at temperatures at which their volatilities vary substantially. Following refluxing, much of
the solvent (about 2/3) was evaporated using a rotary evaporator (Rotavapor R-114, BUCHI,
Switzerland) at 35°C, and then 2-propanol was added back to the sol; the purpose of this was
to remove remaining 2,4-pentanedione from the solution. These Zr-containing precursors
were then partially hydrolyzed, in which a hydroxyl substituted for the n-propoxide and
pentanedionate (acac) by interaction with water at 50°C for 2 h under acidic conditions
(pH in the range 4-5) using a HNO3/Zr molar ratio of 0.27 and an HyO/Zr molar ratio of
24. Hydrolysis is required to facilitate later condensation reactions. A clear solution was
observed before and after hydrolysis.

Separately, a boric acid (H3BOs, Fisher Scientific, Fair Lawn, NJ) in water solution with
a concentration of 4 wt% was prepared as the boron source, to make a B/Zr ratio of 3. 2-
propanol was then added to dilute the boric acid solution with a propanol /H,O ratio of 3. 20
wt% phenol-formaldehyde resin (novolac-type, Georgia Pacific, Atlanta, GA) in a 2-propanol
solution was added to the boric acid solution to increase the C/Zr ratio to 4.8-6.0.

The mixture of boric acid and phenol-formaldehyde resin was then added to the hy-
drolyzed Zr-containing solutions. The solutions were concentrated in a rotary evaporator
(preventing the constituents from de-mixing) in a condensation reaction in which there is
a buildup of species with a 3-dimensional structure. As solvent was volatilized, a residual
mass formed with a sludge-like consistency. This was then dried to powders under vacuum
conditions at 120-140°C (2 h). These powders were subsequently pyrolyzed at temperatures
in the range of 800-1100°C (2 h) in a flowing argon atmosphere in an alumina tube-furnace
to produce intimately-mixed not-yet-reacted zirconia/boron oxide/carbon mixtures. This
temperature range was found to permit near-complete conversion to the desired oxide or
carbon constituents, but was not high enough to initiate carbothermal reduction. Pyrolyzed
powders were subsequently heat treated at temperatures in the range of 1200-1400°C (2 h)

in flowing argon in a graphite tube-furnace for carbothermal reduction.

II1.1.2 Zirconium Diboride

In general, zirconium n-propoxide undergoes more rapid hydrolysis reactions than the cor-

responding zirconium pentanedionate, and this has resulted in uncontrolled precipitation



of relatively large precursor particles during the hydrolysis step. Therefore, zirconium n-
propoxide was first refluxed (195°C, 2 h) with 2,4 pentanedione in order to partially or fully
convert the zirconium alkoxy groups to a chelated zirconium diketonate structure.
An idealized reaction to produce stoichiometric ZrBs by carbothermal reduction is given
by:
Zr09(s) + B203(s) + 5Cs) — ZrBy(s) + 5COy)

However, the necessary ratio of boron to zirconium was found to be ~3:1 instead of 2:1 as
dictated by reaction stoichiometry. Excess boron oxide was required to form ZrBs because
of BoO3 volatilization at elevated temperatures.

The as-dried precursor was XRD-amorphous. Initial formation of ZrB, was observed
after heat-treatment at 1200°C, while the intensity of t-ZrO, increased compared with m-
7105 in the range 1100-1250°C. Zirconia phases reduced to minor levels at 1300°C, and were
not observed at 1400°C. Weight loss measurements imply that the carbothermal reduction
proceeded extensively above 1100°C, and tapers-off after heat-treatments at 1300°C. Figure 3
shows an SEM photomicrograph of a sample (initial composition was C/Zr = 5.0, B/Zr =

Figure 3: SEM photomicrograph a of ZrBs sample heat-treated at 1300°C for 2 h in a graphite tube furnace.

3.0) heat-treated at 1300°C showing nearly-spherical particles of sizes 200-600 nm.

10



I11.1.3 ZrB,-TaB; Sub-micron Powder Mixture

A solid solution of tantalum zirconium oxide (TaZrs 7505) was detected after heat-treatment
at 700°C. This phase was at its highest concentration at 1000°C and was resorbed above
1250°C. TaC was observed after heat-treatments at 1100 and 1150°C. TaC was an interme-
diate product, which reacted with BoO3 at ~1150°C to form TaBs:

2TaCs) + 4C) + 2B2030) — 2TaBy() + 6CO(y)

ZrBs first appeared at 1150°C. There was a significant increase in peak intensity for this
phase over the range 1250-1400° C. Between 1400 and 1600°C, ZrB, and TaB, formed a solid
solution as evidenced by the merging of their respective XRD peaks after heat treatment at
and above 1600°C.

Weight loss increased abruptly from 1100°C to 1300°C due to carbothermal reduction, as

was the case for ZrB; alone. This terminated at 1300°C. Figure 4 depicts the microstructure

Figure 4: SEM micrograph of ZrBs-TaBy heat-treated at 1300°C for 2 h.

of the ZrB,-TaBy powder heat-treated at 1300°C for 2 h. EDS analysis implies that each
particle contained both ZrBs; and TaB,. Particle sizes appear in the range of 200-600 nm.

11



III.2 Oxidation Resistance

Commercially-available powders were used for raw materials. The compositions of synthe-
sized powder mixtures are given in Table 1. These compositions were uniaxially pressed into
cylindrical pellets, cold isostatically pressed, sintered in flowing argon at 2000°C, and then
hot isostatically pressed (HIPed) at 1800°C. All post-HIPed specimens were at or very near
their theoretical densities. Specimens were exposed to flowing dry air in a thermogravimetric
analyzer at a constant heating rate of 3°C/min over the range 1150-1550°C.

Figure 5 shows the mass changes for ZrB,-B4C with varying concentrations of SiC addi-
tions. With SiC additions increasing up to 13.8 vol% SiC (ZBS4), weight gain continuously
increased, accelerating over the temperature range of ~1400-1500°C. Slopes of mass change
with temperature were the same for all compositions (except ZBS18) up to ~1350°C. This
is consistent with the work of others [34, 35] which shows that over this lower temperature
range, SiC does not oxidize to contribute to forming a protective layer. For SiC contents of
19.3 vol% and above (ZBS8-ZBS18), temperature spans of mass loss are apparent. In these
ranges, the net rate of mass gain from oxidation was less than the rate of mass loss from
volatilization of BoO3 from the amorphous borosilicate surface layer. At temperatures above
these ranges, mass gain resumed, indicating the dominance of accelerating oxygen diffusion
through the amorphous silica surface layer.

As shown in Figure 6, for approximately the same SiC content, tantalum additions (in the
form of TaBs) resulted in improved oxidation resistance over the entire evaluated temperature
span (1150-1550°C). Figure 7 shows the effect of tantalum additions, both in the form of TaB,
and TaSi,. Additions of TaSis resulted in greater oxidation resistance than TaB, additions,
though both additives were helpful. This is expected since oxidations of both Ta and Si
contribute to protective species—SiOs which forms the protective surface glass, and TasOs
which has been argued to facilitate phase separation (with associated viscosity increase and
oxygen diffusivity decrease) in the amorphous layer [40, 42]. This result is even more striking
in light of the fact that a significant weight gain should occur from the oxidation of TaSis.

Figure 8 compares the lowest mass-gain compositions (after heating to 1550°C) of the
different categories. SiC addition decreased the rate of mass gain starting at ~1290°C and
there was a range mass loss of 1325-1410°C. SiC addition along with combined TaBy and

TaSi, additions formed the composition with the lowest mass gain over the entire spectrum

12



Mass change (mg/cm?)

Table 1: Sample Compositions

Code ZrBo B4C SiC TaBy TaSiy
Vol% | Mol% | Vol% | Mol% | Vol% | Mol% | Vol% | Mol% | Vol% | Mol%
7ZB3 90.0 91.4 10.0 8.6 0.0 0.0 0.0 0.0 0.0 0.0
7ZB5 86.5 88.3 13.5 11.7 0.0 0.0 0.0 0.0 0.0 0.0
7ZBS2 80.4 77.4 8.9 7.2 10.7 15.3 0.0 0.0 0.0 0.0
7ZBS4 77.6 73.6 8.6 6.9 13.8 19.5 0.0 0.0 0.0 0.0
7ZBS6 75.0 70.2 8.3 6.6 16.7 23.2 0.0 0.0 0.0 0.0
7ZBS8 72.6 67.1 8.1 6.3 19.3 26.5 0.0 0.0 0.0 0.0
7ZBS10 70.3 64.2 7.8 6.0 21.9 29.7 0.0 0.0 0.0 0.0
7BS14 64.7 57.5 7.2 5.4 28.1 37.1 0.0 0.0 0.0 0.0
7ZBS18 58.8 50.7 6.5 4.7 34.7 44.5 0.0 0.0 0.0 0.0
ZTBS1-1 | 65.2 59.8 7.3 5.7 20.5 27.9 7.0 6.6 0.0 0.0
ZTBS1-5 | 64.2 59.8 7.1 5.6 20.2 28.0 3.5 3.4 5.0 3.3
ZTBS1-9 | 63.3 59.8 7.0 5.6 19.9 28.0 0.0 0.0 9.8 6.6
ZTBS2-1 | 58.1 53.2 7.3 5.6 20.5 27.9 14.1 13.3 0.0 0.0
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Figure 5: (left) TG of ZrB,-B4C specimens with varying amounts of SiC. Volume percentages of SiC increased
from 10.7 for ZBS2 to 34.7 for ZBS18.

Figure 6: (right) Effect of substitution of TaBy for ZrBs: ZBS10 contains only ZrBs. ZTBS2-1 contains a

mixture of ZrBs and TaB;. Concentrations of B4C and SiC were held approximately constant.
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Figure 7: (left) TG of ZrBs-B4C-SiC specimens with TaBs and TaSis additions. ZTBS1-1 has only TaBs,
ZTBS1-9 has only TaSie, and ZTBS1-5 has both additives.

Figure 8: (right) Comparison of various compositions: ZB5 has no silicon-bearing constituents.

contains 34.7 vol% SiC, and ZTBS1-5 contains SiC, TaBs and TaSis.

7BS18

of evaluated temperatures.

Figure 9 shows three layers in the cross-section of oxidized ZBS18. A 5 um surface
layer with a glassy appearance contained silicon and oxygen, but was devoid of zirconium.
A second porous layer of ~20 um thickness contained Zr, Si, O, and trace carbon. This
porosity could have formed via capillary extraction of the silica from oxidized SiC to the
amorphous silica surface layer, or from formation of SiO4) as proposed in other work [37, 38].
Beneath these layers was a well-densified matrix containing Zr, Si, and carbon, but no oxygen.
Figure 10 similarly shows three distinct regions in the cross-section of oxidized ZBTS1-1.
A ~5 pm glassy surface coating contained silicon, oxygen, and only a trace quantity of
zirconium. There was no indication of the presence of tantalum in this layer, but the Ta
EDS peak can be masked by the presense of silicon. A second layer of ~20 pum thick contained
zirconium, tantalum, silicon, carbon, and oxygen. This region appeared less porous than the
corresponding second layer in ZBS18. This may be the result of the TayO05-SiO5 liquid phase
having a higher viscosity, leaving it less vulnerable to capillary extraction to the amorphous

surface layer. This second oxide layer would then likely be more protective of the underlying
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Figure 9: (left) Secondary electron SEM micrograph of ZBS18 (58.8 vol% ZrBs, 6.5 vol% B4C, and 34.7
vol% SiC).

Figure 10: (right) Secondary electron SEM micrograph of ZBTS1-1 (65.2 vol% ZrBs, 7.3 vol% B4C, 20.5
vol% SiC, and 7.0 vol% TaBs).

diboride than the analogous layer in the ZBS series. The specimen interior contained Zr, Ta,

C, and Si, with no oxygen detected.
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